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1
NONVOLATILE SEMICONDUCTOR
MEMORY DEVICE AND MANUFACTURING
METHOD THEREOF

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2012-
062498, filed on Mar. 19, 2012, the entire contents of which
are incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a non-
volatile semiconductor memory device and a manufacturing
method thereof.

BACKGROUND

In a floating gate electrode type nonvolatile semiconductor
memory device, as an inter-electrode insulating film (IPD:
Inter-Poly Dielectric) that insulates a Floating Gate (FG) and
a Control Gate (CG) from each other, a laminated insulating
film of a silicon oxide film/silicon nitride film/silicon oxide
film (an ONO film) has been conventionally used. The silicon
nitride film (an SiN film) in the ONO film does not have a
perfect stoichiometric composition but a slightly silicon-ex-
cess composition because of its forming method. In the sili-
con-excess SiN film, a level for trapping electric charges is
present, and hence some of electrons are trapped by the level
in the SiN film even if the electrons leak at the time of
application of an electric field (e.g., a write/erase operation).
Further, a barrier height of the silicon nitride film is lower than
a barrier height of the silicon oxide film, both the barrier of a
track level in the SiN film and the barrier height of SiO, films
formed to sandwich the SiN film serve as a barrier in the ONO
laminated structure, whereby trapped electrons are hardly
detrapped (leak) to the outside of the ONO insulating film.

An electric field applied to the inter-electrode insulating
film must be reduced to be lower than that of a tunnel insu-
lating film, leak to a control electrode side at the time of a
write operation must be suppressed, injection (storage) of
electros to a floating gate must be activated, and hence the
inter-electrode insulating film is formed into a three-dimen-
sional structure so that a high capacity can be assured even
though a film thickness is large. As a result of taking the
three-dimensional structure, a step is formed between the
floating gate and an element isolation insulating film, and
each corner portion (an edge portion) is present at a top
portion of the floating gate and a bottom portion between
cells. Since an electric field is concentrated on the edge por-
tion, a leak current in the inter-electrode insulating film flows
through the edge portion on a preferential basis at the time of
a write/erase operation. As a result, electron trap into the
inter-electrode insulating film more excessively occurs at the
edge portion, and a concentration difference is produced in an
electron trap amount in the continuously formed inter-elec-
trode insulating film.

Although trapped electrons in the inter-electrode insulat-
ing film hardly leak to the outside of the ONO insulating film,
redistribution in a transverse direction (a direction orthogonal
to a thickness direction) occurs so that the concentration
difference is eliminated in the inter-electrode insulating film.
When the redistribution of the trapped electrons to the inter-
electrode insulating film occurs while electric charges are
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held after end of the write/erase operation, a threshold value
fluctuates, and charge retention characteristics are deterio-
rated.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a cross-sectional view showing an outline con-
figuration of a nonvolatile semiconductor memory device
according to Embodiment 1;

FIG. 1B is a cross-sectional view taken along a cutting-
plane line A-A in FIG. 1A;

FIG. 2 is a cross-sectional view showing an outline con-
figuration of a nonvolatile semiconductor memory device
according to Embodiment 2;

FIG. 3A is a cross-sectional view showing an outline con-
figuration of a nonvolatile semiconductor memory device
according to Embodiment 3;

FIG. 3B is a cross-sectional view taken along a cutting-
plane line D-D in FIG. 3A;

FIG. 4 is a cross-sectional view showing an outline con-
figuration of a nonvolatile semiconductor memory device
according to Embodiment 4;

FIG. 510 FIG. 9 are cross-sectional views showing a manu-
facturing method of a nonvolatile semiconductor memory
device according to Embodiment 1;

FIG. 10 is a cross-sectional view showing a manufacturing
method of a nonvolatile semiconductor memory device
according to Embodiment 1;

FIG. 11 and FIG. 12 are cross-sectional views showing a
manufacturing method of a nonvolatile semiconductor
memory device according to Embodiment 2;

FIG. 13 and FIG. 14 are cross-sectional views showing a
manufacturing method of a nonvolatile semiconductor
memory device according to Embodiment 3; and

FIG. 15 is a cross-sectional view showing a manufacturing
method of a nonvolatile semiconductor memory device
according to Embodiment 4.

DETAILED DESCRIPTION

In accordance with an embodiment, a nonvolatile semicon-
ductor memory device includes a substrate, a first insulating
film, a charge storage layer, an element isolation insulating
film, a second insulating film, and a control electrode. The
substrate includes a semiconductor layer which is formed
thereon and includes an active region. The first insulating film
is formed on the active region. The charge storage layer is
formed on the first insulating film. The element isolation
insulating film defines the active region in the semiconductor
layer. The top surface of the element isolation insulating film
is placed at a height between the top surface and the bottom
surface of the charge storage layer, thereby forming a step
constituted of the charge storage layer and the element isola-
tion insulating film. The second insulating film covers the step
and the charge storage layer. The control electrode is formed
on the second insulating film. The second insulating film
includes a first silicon oxide film and a first silicon nitride film
on the first silicon oxide film. Nitrogen concentration in the
first silicon nitride film is non-uniform.

Several embodiments will now be described hereinafter
with reference to the drawings. A description will be given as
to a nonvolatile semiconductor memory device including a
memory cell array in which a plurality of memory cell col-
umns having a plurality of memory cell transistors aligned in
a column direction (a channel length direction) are arranged
along a row direction (a channel width direction), and to a
manufacturing method thereof. In the drawings, like refer-



US 9,117,665 B2

3

ence numerals denote like parts and an overlapping descrip-
tion thereof will be appropriately omitted.

(A) Nonvolatile Semiconductor Memory Device
(1) Embodiment 1

FIG. 1A and FIG. 1B are cross-sectional views sowing an
outline configuration of a nonvolatile semiconductor memory
device according to Embodiment 1. FIG. 1A is a cross-sec-
tional view along a word line direction (a channel width
direction), and FIG. 1B is a cross-sectional view of a bit line
direction (a channel length direction) along a cutting-plane
line A-A in FIG. 1A.

A nonvolatile semiconductor memory device 21 according
to this embodiment includes a selection transistor having an
impurity diffused region 15 as a source or a drain, a substrate
S, element isolation insulating films 7, floating gate elec-
trodes 3, inter-layer insulating films (IPD) 8, and control gate
electrodes 9.

In this embodiment and the following embodiments, a
silicon substrate is used as the substrate S. However, the
substrate S is not restricted to a semiconductor substrate and,
for example, a glass substrate or a ceramic substrate can be
used as long as it has a semiconductor layer formed a surface
thereof.

The element isolation insulating films 7 are formed on a
surface layer of the substrate S in such a manner that they run
in parallel to each other between the semiconductor substrate
and a plurality of memory cell columns, thereby defining
active regions. The floating gate electrode 3 is formed of a
conductor on the active region through a tunnel insulating
film 2. In this embodiment, the tunnel insulating film 2 cor-
responds to, e.g., a first insulating film, and the floating gate
electrode 3 corresponds to, e.g., a charge storage layer.

Here, the element isolation insulating film 7 is formed in
such a manner that its top surface is placed at a height between
a top surface and a bottom surface of the floating gate elec-
trode 3, whereby a step constituted of the floating gate elec-
trode 3 and the element isolation insulating film 7 is formed
on the substrate S. It is to be noted that reference numeral 11
denotes an inter-cell insulating film.

The inter-electrode insulating film (IPD) 8 is formed on a
surface of the step constituted of the floating gate electrode 3
and the element isolation insulating film 7. In this embodi-
ment, the inter-electrode insulating film (IPD) 8 corresponds
1o, e.g., a second insulating film.

The floating gate electrodes 3 are separated from each other
by three-dimensional shapes of the element isolation insulat-
ing film 7 and the inter-electrode insulating film (IPD) 8.

The control gate electrode 9 is formed of a conductor on the
inter-electrode insulating film (IPD) 8, and it serves as a
wiring line common to memory cells adjacent to each other.

A selection transistor of the nonvolatile semiconductor
memory device has a two-layer gate structure in which the
impurity diffused regions 15 formed to sandwich a channel
region therebetween in an active region of the substrate S in
the columns direction is configured as source/drain regions,
the conductor immediately above the tunnel insulating film 2
on the channel region is configured as the floating gate elec-
trode 3, and the conductor formed on the inter-electrode insu-
lating film (IPD) 8 on the floating gate electrode 3 is config-
ured as the control gate electrode 9.

The inter-electrode insulating film (IPD) 8 is formed of a
laminated film of a low-dielectric insulating film and a high-
dielectric insulating film, and it is constituted of an ONO
laminated film formed of SiO, (a silicon oxide film) 81/SiN
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film (a silicon nitride film) 82/Si0, (a silicon oxide film) 83
from the substrate S side in the mentioned order in this
embodiment. Furthermore, the SiN film (the silicon nitride
film 82) includes an Si-rich SiN film 82« and an SiN film 825
which has nitrogen concentration higher than that of the SiN
film 82a and is closer to a stoichiometric composition.

In this embodiment, the SiN film 8254 that is close to a
stoichiometric composition is formed in a lower region
immediately above a top surface of the element isolation
insulating film 7 and in an upper region that covers the float-
ing gate electrode in the SiN film 82.

The upper region that covers the floating gate electrode
includes a region of a corner portion facing an edge of the
floating gate electrode 3. With a concentration distribution in
such a conformation, the inter-electrode insulating film (IPD)
8 is constituted of the ONO insulating film including the SiN
film 825 having low track density at the corner portion where
electron trap excessively occurs at the time of a write/erase
operation of the floating gate electrode 3.

An electron trap amount of the SiN film (the silicon nitride
film) is dependent on a composition of the SiN film (an Si/N
ratio), and the trap density is increased as the composition
contains silicon in larger excess (rich with silicon). To reduce
the trap density in the SiN film, approximating an Si/N com-
position ratio to the stoichiometric composition can suffice,
and this composition can be realized by introducing nitrogen.
When the composition of the SiN film approximates to the
stoichiometric composition, a trap level in the film is reduced,
and hence a Poole-Frenkel type leak current via the trap can
be decreased. In a conventional inter-electrode insulating
film, although the leak is decreased by a self-electric field of
electrons themselves trapped in the SiN film, insulation prop-
erties of the insulating film itself can be improved by realizing
a silicon nitride film having the stoichiometric composition,
thereby reducing the leak as the inter-electrode insulating
film.

As described above, according to this embodiment, there is
included the SiN film 826 which is formed in the lower region
immediately above the top surface of the element isolation
insulating film 7, in the upper region on the top surface of the
floating gate electrode 3, and in an upper corner region cov-
ering the edge of the floating gate electrode 3 and which has
nitrogen concentration close to the stoichiometric composi-
tion, and hence a configuration that trap density is low at each
corner portion of the upper region and the lower region can be
realized. As aresult, redistribution of trapped electrons to any
other region in the inter-electrode insulating film (IPD 8) can
be suppressed, thereby improving charge retention character-
istics of the element.

On the other hand, in the SiN film (the silicon nitride film)
82 of the inter-electrode insulating film (IPD) 8 according to
this embodiment, the Si-rich SiN film 82a having trap prop-
erties is formed in a sidewall region along a side surface of the
floating gate electrode 3. Therefore, an electric charge is
trapped in the sidewall region along the side wall of the
floating gate electrode 3, and a leak current amount on the
sidewall can be reduced by self-electric field effect of the
trapped electrons. When miniaturization of the semiconduc-
tor memory device further advances in the future, a top por-
tion of the floating gate electrode 3 becomes small, and a ratio
of the sidewall region in the inter-electrode insulating film
(IPD) 8 is thereby increased. According to this embodiment,
a distribution of nitrogen effective for suppressing of leak can
be formed. Therefore, charge retention characteristics of the
element can be improved while maintaining write/erase char-
acteristics.



US 9,117,665 B2

5

It is to be noted that FIG. 1A shows as if a clear boundary
is present between the Si-rich SiN film 82a and the SiN film
825 having nitrogen concentration close to the stoichiometric
composition, but the clear boundary is not actually formed,
and non-uniform nitrogen concentration is distributed in
accordance with a fabricating method of the element, a shape
of the substrate, or a processing method. This point can be
likewise applied to embodiments described below.

(2) Embodiment 2

FIG. 2 is a cross-sectional view showing an outline con-
figuration of a nonvolatile semiconductor memory device
according to Embodiment 2, and it is a cross-sectional view
along a word line direction (a channel width direction). In this
embodiment, a cross-sectional view in a bit line direction (a
channel length direction), i.e., a cross-sectional view along a
cutting-plane line C-C in FIG. 2 is the same as FI1G. 1B, and
hence it will be omitted.

As obvious from comparison with FIG. 1A, a nonvolatile
semiconductor memory device 23 according to this embodi-
ment includes an inter-electrode insulating film (IPD) 8
including an SiN film (a silicon nitride film) 82 in which an
Si-rich SiN film 82a having strong trap properties is formed
only in a region of a bottom portion between cells excluding
a corner portion on an element isolation insulating film 7 and
an SiN film 824 having nitrogen concentration close to the
stoichiometric composition is formed in any other regions.

In the bottom portion between cells, although a maximum
electric field is applied at the time of an erase operation,
according to this embodiment, since the Si-rich SiN film 82«
is formed in the region excluding the corner portion on the
element isolation insulating film 7, a leak current can be
reduced by a self-electric field based on electron trap. As a
result, erase characteristics can be improved.

(3) Embodiment 3

FIG. 3A and FIG. 3B are cross-sectional views showing an
outline configuration of a nonvolatile semiconductor memory
device according to Embodiment 3. FIG. 3A is a cross-sec-
tional view along a word line direction (a channel width
direction), and FIG. 3B is a cross-sectional view of a bit line
direction (a channel length direction) along a cutting-plane
line D-D in FIG. 3A.

As obvious from comparison with FIG. 1A, in an inter-
electrode insulating film (IPD) 8 included in a nonvolatile
semiconductor memory device 24 according to this embodi-
ment, an SiN film 825 having nitrogen concentration close to
a stoichiometric composition is formed only at each corner
portion of a flat upper region and of a flat lower region, and an
Si-rich SiN film 824 having strong trap properties is formed in
any other regions.

According to this embodiment, since trapped electrons can
be reduced only in the corner portions, a self-electric field
effect based on electron trap can be obtained at a maximum.
As a result, it is possible to achieve both improvement in
write/erase characteristics and improvement in charge reten-
tion characteristics.

(4) Embodiment 4

FIG. 4 is a cross-sectional view showing an outline con-
figuration of a nonvolatile semiconductor memory device
according to Embodiment 4, and it is a cross-sectional view
along a word line direction (a channel width direction). In this
embodiment, a cross-sectional view of a bit line direction (a
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channel length direction), i.e., a cross-sectional view along a
cutting-plane line E-E in FIG. 4 is equal to FIG. 3B, and hence
this view will be omitted.

As obvious from comparison with FIG. 1A, in an inter-
electrode insulating film (IPD) 8 included in a nonvolatile
semiconductor memory device 25 according to this embodi-
ment, an SiN film 824 having nitrogen concentration close to
a stoichiometric composition is formed in a sidewall region
along a side surface of each floating gate electrode 3 in addi-
tion to each corner portion of a flat upper region and of a flat
lower region. In all of any other regions, i.e., a region above a
top portion of the floating gate electrode 3 and a region of a
bottom portion between cells excluding the corner portions,
an Si-rich SiN film 82a¢ having strong trap properties is
formed.

According to this embodiment, electrons trapped in the
SiN film (a silicon nitride film) 82 can be suppressed from
moving in a direction vertical to a surface of a silicon sub-
strate S. The movement in the direction vertical to the surface
of'the substrate S has the greatest influence on a fluctuation in
a threshold of a device. Therefore, suppression of electron
movement according to this embodiment is very effective.

According to the nonvolatile semiconductor memory
device of at least one of the embodiments described above,
since the inter-electrode insulating film (IPD) 8 including the
SiN film (the silicon nitride film) 82 having non-uniform
nitrogen concentration is provided, redistribution of trapped
electrons in the inter-electrode insulating film (IPD) 8 can be
avoided, and the semiconductor memory device having
excellent charge retention characteristics can be provided.

(B) Manufacturing Method of Nonvolatile
Semiconductor Memory Device

The nonvolatile semiconductor memory devices according
to Embodiments 1 to 4 can be manufactured by the following
method.

(1) Embodiment 1

The nonvolatile semiconductor memory device 21 shown
in FIG. 1 can be manufactured by introducing nitrogen so as
to cover each flat region including a corner portion of the SiN
film (a silicon nitride film) 82. This method will now be
described hereinafter in detail with reference to FIG. 5 to FIG.
9.

First, a p-type silicon substrate is prepared as a substrate S.
In place of the p-type silicon substrate, a substrate obtained by
forming a p-type well on an n-type silicon substrate may be
prepared.

Moreover, an insulating film, e.g., a silicon oxide film 32
with a thickness of approximately 1 nm to approximately 15
nm is formed on the substrate S, a conductive layer 33 serving
as a floating gate electrode 3 with a thickness of approxi-
mately 10 nm to approximately 50 nm is then formed thereon
by a chemical vapor deposition method. A silicon nitride film
34 is then formed with a film thickness of approximately 50
nm to approximately 200 nm by the chemical vapor deposi-
tion method, and subsequently a silicon oxide film 35 with a
thickness of approximately 50 nm to approximately 400 nm is
formed by the chemical vapor deposition method. As a result,
a configuration shown in a cross-sectional view of FIG. 5 can
be obtained.

Then, a photoresist (not shown) is applied to the upper side
of the silicon oxide film 35, and the resist is patterned by
pattern exposure. Subsequently, the silicon oxide film 35 is
selectively removed by etching where the photoresist (not
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shown) is used as an etching resistance mask. The photoresist
is removed after the etching, the silicon nitride film 34 is
selectively removed by etching where the silicon oxide film
35 is used as a mask, and then the conductive layer 33, the
silicon oxide film 32, and the substrate S are selectively
removed by etching, thereby forming atrench TR (see FIG. 6)
for element isolation. As a result, the silicon oxide film 32
turns to a silicon oxide film 2, the conductive layer 33 turns to
a conductive layer 3, the silicon nitride film 34 turns to a
silicon nitride film 4, and the silicon oxide film 35 turns to a
silicon oxide film 5.

Subsequently, a buried insulating film 37 with a thickness
01200 nm to 1500 nm is formed by a coating technique to fill
the element isolation trench TR, thus obtaining a configura-
tion depicted in a cross-sectional view of FIG. 6.

An element isolation insulating film 7 obtained by coating
is subjected to a treatment in an oxygen atmosphere or a
water-vapor atmosphere to achieve density growth. Then, the
silicon oxide film 4 is used as a stopper, and the element
isolation insulating film 37 and the silicon oxide film 5 are
removed by a Chemical Mechanical Polishing (CMP) to
effect flattening. Subsequently, the element isolation insulat-
ing film 37 alone is etched back under etching conditions
having a selection ratio with respect to the silicon nitride film
4, whereby a configuration depicted in a cross-sectional view
of FIG. 7 is obtained. As a result, the buried insulating film 37
turns to an element isolation insulating film 7.

Then, a silicon oxide film 81 with a film thickness of
approximately 1 nm to approximately 10 nm is formed at
approximately 550° C. in accordance with an Atomic Layer
Deposition (ALD) method by use of trisdimethylaminosilane
and ozone (see FIG. 8). For example, nitrogen monoxide
(N,0) may be reacted at a temperature of approximately 800°
C. to form the silicon oxide film 81 by a low-pressure chemi-
cal vapor deposition (LP-CVD) method in place of the atomic
layer deposition (ALD).

Then, a silicon nitride film 82a with a film thickness of
approximately 1 nm to approximately 5 nm is formed on the
silicon oxide film 81, and a configuration shown in a cross-
sectional view of FIG. 8 is obtained. The silicon oxide film 81
and the silicon nitride film 824 may be continuously formed
in a furnace.

Subsequently, the silicon nitride film 82a is re-nitrided
using an anisotropic nitriding method. As re-nitriding condi-
tions, microwaves are generated in an atmosphere containing
a nitrogen gas to produce a nitrogen radical, and this nitrogen
radical is used to re-nitride the silicon nitride film 82a. Micro-
wave intensity at this moment is 100 W to 3000 W, a process
pressure is 5 Pa to 30 Pa, and a substrate temperature is 350°
C. 10 900° C. To draw nitrogen ions to a sample, a bias voltage
of approximately 0.1 to approximately 1 kW is applied to the
substrate S.

A film thickness of the silicon nitride film 82a formed
when the substrate S is processed under the above-described
conditions is 1 nm to 10 nm. When the anisotropic nitriding
method is used, as shown in FIG. 9, a nitrogen introducing
amount is large in a flat upper region and a flat lower region
including respective corner portions and, on the other hand, it
is small in a sidewall region along a sidewall of the floating
gate electrode 3. When the bias voltage is applied to the
substrate S, the nitrogen introducing amount can be
increased, and anisotropic nitriding can be carried out. Nitro-
gen can be introduced by any other method, e.g., an ion
implantation method.

Then, a silicon oxide film 83 with a film thickness of
approximately 1 nm to approximately 10 nm is formed at
approximately 550° C. in accordance with the atomic layer
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deposition (AL D) method using trisdimethylaminosilane and
ozone, thereby obtaining a configuration shown in a cross-
sectional view of FIG. 10. In this stage, densification for
density growth or improvement of an interface of the inter-
electrode insulating film (IPD) 8 or an oxidation treatment for
oxygen compensation or improvement of the interface of the
same may be carried out. The silicon oxide film 83 may be
formed by reacting dichiorosilane (SiH,Cl,) and nitrogen
monoxide (N,O) at a temperature of approximately 800° C.
by the low-pressure chemical vapor deposition (LP-CVD)
method.

Then, a conductive layer is formed on the entire surface of
the inter-electrode insulating film (IPD) 8, this conductive
layer is patterned by pattern exposure, a control gate electrode
9 (see FIG. 1A) is formed, and then a nonvolatile semicon-
ductor memory device 21 shown in FIG. 1A and FIG. 1B is
obtained through a regular post-process.

(2) Embodiment 2

A manufacturing method of a nonvolatile semiconductor
memory device 23 shown in FIG. 2 will now be described. A
step of forming a laminated body including a silicon oxide
film 32, a conductive layer 33, a silicon nitride film 34, and a
silicon oxide film 35 on a substrate S to a step of forming a
silicon oxide film 81 on a floating gate electrode 3 and an
element isolation insulating film 7 are the same as those in the
manufacturing method according to Embodiment 1 (FIG. 5 to
FIG. 8).

A substrate having a silicon-rich silicon nitride film 82a
formed on an entire surface thereof as shown in FIG. 8 is
subjected to a nitrogen introducing treatment. Nitrogen is
introduced by an ion implantation method as shown in FIG.
11, and nitrogen is introduced with implantation energy of 1
keV to 200 keV, an implantation angle of 15 degrees or above,
and an implantation amount of approximately 1x10'! to
1x10%°. Increasing the implantation angle enables suppress-
ing the nitrogen introduction to a bottom portion between
cells and obtaining a distribution in which a nitrogen intro-
ducing amount to a region along a sidewall of the floating gate
electrode 3 and an upper region covering the floating gate
electrode 3 is increased.

Then, as shown in FIG. 12, a silicon oxide film 83 with a
film thickness of approximately 1 nm to approximately 10 nm
is formed by the atomic layer deposition (ALD) method or the
low-pressure chemical vapor deposition (LP-CVD) method.
In this stage, densification for density growth or improvement
of an interface of an inter-electrode insulating film (IPD) 8 or
an oxidation treatment for oxygen compensation or improve-
ment of the interface of the same may be carried out. Then, the
same method as that described in Embodiment 1 is used, and
the configuration shown in the cross-sectional view of FIG. 2
can be obtained.

(3) Embodiment 3

A manufacturing method of a nonvolatile semiconductor
memory device 24 shown in FIG. 3A and FIG. 3B willnow be
described.

A step of forming a laminated body including a silicon
oxide film 32, a conductive layer 33, a silicon nitride film 34,
and a silicon oxide film 35 on a substrate Sto a step of forming
a silicon oxide film 81 on a floating gate electrode 3 and an
element isolation insulating film 7 are the same as those in the
manufacturing method according to Embodiment 1 (FIG. 5 to
FIG. 8). When a film forming method with poor step cover-
age, e.g., a high density plasma (HDP) CVD method is
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applied to a substrate having a silicon-rich silicon nitride film
824 formed on an entire surface thereof as shown in FIG. 8, a
silicon oxide film 10 with a film thickness of approximately 5
nm to approximately 20 nm is formed, and a configuration
shown in a cross-sectional view of FIG. 13 is obtained.

As compared with the LP-CVD method, the HDP-CVD
method can easily control a profile of an oxide film to be
formed. More specifically, in an HDP-CVD apparatus,
adjusting high-density plasma power from a non-illustrated
upper electrode (an ICP coil) and RF bias power from a
non-illustrated lower electrode enables extensively control-
ling the step coverage of the oxide film. According to this
method, the silicon oxide film 10 can be formed on a flat
portion (a region above a top portion of a floating gate elec-
trode 3 and a bottom portion between cells) alone without
being formed on a sidewall of the floating gate electrode 3.

Then, the silicon oxide film 10 is slimmed by etching using
a chemical having a selection ratio with respect to the silicon
nitride film 82a. As a result, in the silicon nitride film 82a,
corner portions of a flat upper region covering the floating
gate electrode 3 and corner portions of a flat lower region of
the bottom portion between cells are exposed. In this state, a
nitrogen introduction treatment is performed. As nitriding
conditions, microwaves are generated in an atmosphere con-
taining a nitrogen gas to produce a nitrogen radical, and this
nitrogen radical is used to further re-nitride the silicon nitride
film 82a. As a result, of the exposed portions, nitrogen is
introduced to the respective corner portions of the upper
region and the lower region excluding the sidewall portion.
Intensity of the microwaves at this time is 100 W to 3000 W,
aprocess pressure is 5 Pato 30 Pa, and a substrate temperature
is 350° C. to 900° C. A bias voltage of approximately 0.1 kW
to approximately 1 kW is applied to the substrate S to draw
nitrogen ions to a sample. Under such conditions, a film
thickness of the silicon nitride film formed when processing
the Si substrate is 1 nm to 10 nm.

Nitrogen can be introduced by any other method, e.g., an
ion implantation method or a plasma doping method. When
introducing nitrogen, since the silicon oxide film 10 serves as
a mask material, nitrogen can be introduced to the exposed
corners alone.

Then, etching using a chemical having a selection ratio
with respect to the silicon nitride film 82 is performed, the
silicon oxide film 10 is removed, and a silicon oxide film 83
having a film thickness of approximately 1 nm to approxi-
mately 10 nm is subsequently formed by the atomic layer
deposition (ALD) or the low-pressure chemical vapor depo-
sition (LP-CVD) method, thereby obtaining a structural
cross-sectional view depicted in FIG. 14.

In this stage, densification for density growth or improve-
ment of an interface of the inter-electrode insulating film
(IPD) 8 or an oxidation treatment for oxygen compensation or
improvement of the interface of the same may be carried out.
Thereatfter, the same method as that described in Embodiment
1 is used, and a configuration shown in the cross-sectional
view of FIG. 3 is obtained.

(4) Embodiment 4

A manufacturing method of a nonvolatile semiconductor
memory device 25 depicted in FIG. 4 will now be described.

A step of forming a laminated body including a silicon
oxide film 32, a conductive layer 33, a silicon nitride film 34,
and a silicon oxide film 35 on a substrate Sto a step of forming
a silicon oxide film 81 on a floating gate electrode 3 and an
element isolation insulating film 7 are the same as those in the
manufacturing method according to Embodiment 1 (FIG. 5to
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FIG. 8). Further, when a film forming method with poor step
coverage, e.g., a high-density plasma (HDP) CVD method is
applied to a substrate having a silicon-rich silicon nitride film
824 formed on an entire surface thereof as shown in F1G. 8, a
silicon oxide film 10 with a film thickness of approximately 5
nm to approximately 20 nm is formed, a configuration shown
in a cross-sectional view of FIG. 13 is obtained, and this
method is the same as Embodiment 3.

Then, the silicon oxide film 10 is slimmed by etching using
a chemical having a selection ratio with respect to the silicon
nitride film 82a. As a result, corner portions of a flat upper
region covering the floating gate electrode 3 and corner por-
tions of a flat lower region of the bottom portion between cells
are exposed. In this state, a nitrogen introduction treatment is
performed.

As nitriding conditions, for example, it is possible to use a
method of performing a treatment in a temperature range of
600° C. to 1000° C. by using ammonia or a method of intro-
ducing nitrogen by oblique implantation. When introducing
nitrogen, since the silicon oxide film 10 serves as a mask
material, nitrogen can be uniformly introduced to exposed
sidewall portions including upper and lower corner portions.

Then, etching using a chemical having a selection ratio
with respect to the silicon nitride film 82a is performed, the
silicon oxide film 10 is removed, and a silicon oxide film 83
having a film thickness of approximately 1 nm to approxi-
mately 10 nm is subsequently formed by the atomic layer
deposition (ALD) or the low-pressure chemical vapor depo-
sition (LP-CVD) method, thereby obtaining a structural
cross-sectional view depicted in FIG. 15. In this stage, den-
sification for density growth or improvement of an interface
of' the inter-electrode insulating film (IPD) 8 or an oxidation
treatment for oXygen compensation or improvement of the
interface of the same may be carried out. Thereafter, the same
method as that described in Embodiment 1 is used, and a
configuration shown in the cross-sectional view of FIG. 4 is
obtained.

According to at least one of the manufacturing method of a
nonvolatile semiconductor memory device described above,
since the step of introducing nitrogen to the silicon nitride
film 82 so as to obtain non-uniform nitrogen concentration is
provided, redistribution of trapped electrons in the inter-elec-
trode insulating film (IPD) 8 is avoided, and the semiconduc-
tor memory device having excellent charge retention charac-
teristics can be manufactured.

Although the several embodiments according to the
present inventions have been described, these embodiments
are presented as examples, and restricting the scope of the
inventions is not intended.

For example, in the foregoing embodiments, although the
laminated insulating film having three layers constituted of
the silicon oxide filny/silicon nitride film/silicon oxide film
(ONO) has been described as the inter-electrode insulating
film (IPD) 8, the present inventions are not restricted thereto.
In addition to the ONO structure, the present inventions are
also effective to inter-electrode insulating films (IPD) such as
a silicon nitride film/silicon oxide film/silicon nitride film/
silicon oxide film (NONO), a silicon oxide film/silicon nitride
film/silicon oxide film/silicon nitride film (ONON), a silicon
nitride film/silicon oxide film/silicon nitride film/silicon
oxide film/silicon nitride film (NONON), and others.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel methods and systems described herein may
be embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the meth-



US 9,117,665 B2

11

ods and systems described herein may be made without
departing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.
The invention claimed is:
1. A nonvolatile semiconductor memory device compris-
ing:
a substrate comprising a semiconductor layer thereon, the
semiconductor layer comprising an active region;
a first insulating film on the active region of the semicon-
ductor layer;
a charge storage layer on the first insulating film;
an element isolation insulating film defining the active
region in the semiconductor layer, a top surface of the
element isolation insulating film being placed at a height
between a top surface and a bottom surface of the charge
storage layer, thereby forming a step constituted of the
charge storage layer and the element isolation insulating
film;
a second insulating film covering the step and the charge
storage layer; and
a control electrode on the second insulating film,
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wherein the second insulating film comprises a first silicon
oxide film and a first silicon nitride film on the first
silicon oxide film, and

wherein the nitrogen concentration in the first silicon
nitride film is higher in an upper region covering the
charge storage layer and a lower region on the element
isolation insulating film than any other regions.

2. The device of claim 1,

wherein the second insulating film further comprises a
second silicon oxide film on the first silicon nitride film.

3. The device of claim 2,

wherein the second insulating film further comprises a
second silicon nitride film on the second silicon oxide
film.

4. The device of claim 2,

wherein the second insulating film further comprises a
third silicon nitride film on the first silicon oxide film.

5. The device of claim 4,

wherein the second insulating film further comprises a
fourth silicon nitride film on the second silicon oxide
film.



